Recent evidence suggests that histone modifications play a role in the behavioral effects of cocaine in rodent models. Histone arginine is known to be methylated by protein arginine N-methyltransferases (PRMTs). Evidence shows that PRMT1 contributes to Ͼ90% of cellular PRMT activity, which regulates histone H4 arginine 3 asymmetric dimethylation (H4R3me2a). Though histone arginine methylation represents a chemical modification that is relatively stable compared with other histone alterations, it is less well studied in the setting of addiction. Here, we demonstrate that repeated noncontingent cocaine injections increase PRMT1 activity in the nucleus accumbens (NAc) of C57BL/6 mice. We, subsequently, identify a selective inhibitor of PRMT1, SKLB-639, and show that systemic injections of the drug decrease cocaine-induced conditioned place preference to levels observed with genetic knockdown of PRMT1. NAc-specific downregulation of PRMT1 leads to hypomethylation of H4R3me2a, and hypoacetylation of histone H3 lysine 9 and 14. We also found that H4R3me2a is upregulated in NAc after repeated cocaine administration, and that H4R3me2a upregulation in turn controls the expression of Cdk5 and CaMKII. Additionally, the suppression of PRMT1 in NAc with lentiviral-short hairpin PMRT1 decreases levels of CaMKII and Cdk5 in the cocaine-treated group, demonstrating that PRMT1 affects the ability of cocaine to induce CaMKII and Cdk5 in NAc. Notably, increased H4R3me2a by repeated cocaine injections is relatively long-lived, as increased expression was observed for up to 7 d after the last cocaine injection. These results show the role of PRMT1 in the behavioral effects of cocaine.
Introduction
Recent evidence suggests that histone modifications play a role in the behavioral effects of cocaine in rodent models LaPlant et al., 2010; Maze et al., 2010a) . Evidence shows that repeated noncontingent cocaine injections alter epigenetic modifications in the nucleus accumbens (NAc), including histone lysine acetylation or methylation, and DNA methylation Deng et al., 2010; LaPlant et al., 2010; Maze et al., 2010a) . Histone arginine methylation, like lysine methylation, is an important epigenetic marker that occurs in eukaryotes, and plays a critical role in the transcriptional regulation and structural remodeling of chromatin (Bedford and Clarke, 2009; Lee and Stallcup, 2009) . Presently, the functional consequences of histone arginine dimethylation are much less well understood than those of other post-translational modifications. In contrast to lysine acetylation or methylation, dimethylarginine is a more stable epigenetic modification, which is currently believed to be irreversible and to permanently label modified proteins (Sarmento et al., 2004; Bedford and Clarke, 2009; Di Lorenzo and Bedford, 2011) . Dimethylarginine labeling differs significantly from histone lysine acetylation and/or methylation. Prior studies of histone changes in addiction have, however, focused on reversible epigenetic modifications Maze et al., 2010a) . Given the long-lasting nature of addiction, irreversible histone modification may play an important role in the behavioral effects of cocaine and other drugs of abuse.
Protein arginine N-methyltransferases (PRMTs) are evolutionarily conserved from yeast to human and catalyze the transfer of a methyl group from S-adenosylmethionine to target arginine residues (Cheng et al., 2004; Pal and Sif, 2007; Sakamaki et al., 2011) . PRMTs have been identified and included at least nine members that are generally classified into two types. Type I consists of PRMT1, 2, 3, 4, 6, and 8, which catalyze asymmetric dimethylarginines; type II consists of PRMT5, 7, and 9, which catalyze symmetric dimethylarginines (Nicholson et al., 2009 ). Of note, PRMT1 contributes to Ͼ90% of cellular PRMT activity, and regulates histone H4 arginine 3 asymmetric demethylation (H4R3me2a) in particular.
Recent studies and functional analyses indicate that PRMT1 is highly regulated in the brain in response to external stimuli, and that it is likely essential to varied brain functions (Birkaya and Aletta, 2005; Miyata et al., 2008; Wang et al., 2012b) . For example, knockdown of PRMT1 reduces H4R3me2a levels, while decreasing proliferation and enhancing apoptosis in cells derived from glioma lines (Wang et al., 2012b) . Moreover, PRMT1 is activated by nerve growth factor and may contribute to the activation of specific plasticity-related signal transduction pathways (Birkaya and Aletta, 2005) . The modulation of PRMT1 activity may thus serve as a potential therapeutic target for disorders characterized by altered neuronal plasticity.
Here, we report that repeated noncontingent cocaine injections increase PRMT1 expression and activity in the NAc. We also report the identification of a selective inhibitor of PRMT1, SKLB-639, and demonstrate its ability to suppress cocaineinduced conditioned place preference (CPP) through a reduction in PRMT1-mediated modification of H4R3me2a.
Materials and Methods

Drugs
Cocaine-HCl was purchased from the National Institute for the Control of Pharmaceutical and Biological Products. Cocaine was dissolved in 0.9% saline. 5Ј-methylthioadenosine (MTA; D5011) and AMI-1 (A9232) were purchased from Sigma-Aldrich. MTA and AMI-1 were dissolved in dimethylsulfoxide (DMSO) and were diluted to the desired concentration before use.
Animals
Animals used in this study were adult male C57BL/6 mice (8 -12 weeks old; weight, 22-24 g). The mice were housed five per cage in clear plastic cages with wire grid lids in a colony with a 12 h light/dark cycle (lights on from 7:00 A.M. to 7:00 P.M.) at constant temperature. Access to food and water was unrestricted. The animals were acclimatized for 7 d before the experiment. All animal protocols in this study were performed in accordance with the guidelines established by the Association for Assessment and Accreditation of Laboratory Animal Care.
Homology modeling and structure-based virtual screening
No crystal structures of mouse PRMT1 (mPRMT1) and human PRMT1 (hPRMT1) have been solved so far. The highly conserved rat PRMT1 (rPRMT1) x-ray structure [Protein Data Bank (PDB) codes 1OR8, 1ORI, and 1ORH] is available, though this protein lacks an important helical segment near the binding pocket (residues 1-40). Moreover, rattus norvegicus PRMT3 (rPRMT3; PDB code 1F3L) and hPRMT3 (PDB code 3SMQ) structures are established. Since sequence alignments show that mPRMT1 and hPRMT1 are exactly the same within the binding pocket, we built a homology model of hPRMT1 (Zhang and Cheng, 2003; Yan et al., 2014) to process the virtual screening (see Fig. 4B ). PRMT1 has two binding sites, including an S-adenoslymethionine (SAM) cofactor binding site and a substrate binding pocket. We considered these two sites as active to virtually screen our SKLB database. All screens were performed on Discovery Studio version 3.1 (Accelrys).
Synthesis of SKLB-639
4-Aminobenzamidine dihydrochloride (1.6 g, 7.69 mmol) and triethylamine (1.8 ml, 24.48 mmol) were dissolved in EtOH (150 ml), and then 4,6-dichloro-5-nitropyrimidine (0.5 g, 2.58 mmol) was added. The reaction mixture was heated at 50°C for 3 h. After cooling, the yellow suspension was filtered, washed with ethanol, and air dried to give 4,4Ј-((5-nitropyrimidine-4,6-diyl)bis(azanediyl))dibenzimidamide dihydrochloride (1.27 g, 60%) as a yellow solid. The compound was identified by using liquid chromatography-mass spectrometry (MS) on a Quantum triple-quadrupole mass spectrometer in positive-ion mode using selected reaction monitoring [1H nuclear magnetic resonance (400 MHz, DMSO-d6): ␦10.84(s, 2H), 9.39(s, 4H), 9.16(s, 4H), 8.30(s, 1H), 7.89(s, 8H) ppm; MS (electrospray ionisation, positive ion) mass/charge ratio, 392.05 (MϩH)]. GFP). Viral titers were determined by infection of 293T cells and GFP visualization (2 ϫ 10 9 TU/ml). Aliquots were kept at Ϫ80°C.
Surgery
Intra-NAc lentivirus. Under general ketamine/xylazine anesthesia, mice were positioned in a small-animal stereotaxic instrument, and the cranial surface was exposed. Thirty-three gauge syringe needles were used to bilaterally infuse 0.5 l of virus into the NAc at a 10°angle [anteroposterior (AP), ϩ1.6; mediolateral (ML), Ϯ1.5; dorsoventral (DV), Ϫ4.4] at a rate of 0.1 l/min. Animals receiving lentivirus injections were allowed to recover for 1 week following surgery before beginning the placeconditioning procedure to cocaine. Intra-NAc mouse cannulations. Mice were surgically implanted with a sterilized catheter (28 gauge stainless steel, 5.0 mm projection). Each catheter was positioned on the skull just on the NAc (AP, ϩ1.6; ML, ϩ1.5; DV, Ϫ4.4). Mice were allowed 7 d to recover from surgery before the start of place conditioning.
Intravenous catheterization. Mice were anesthetized with ketamine/ xylazine and prepared with long-term catheters (internal diameter, 0.40 mm; external diameter, 0.48 mm), as modified from a previous study (Belin et al., 2008) . Briefly, the catheter was inserted into the right jugular vein and passed subcutaneously over the right shoulder to exit dorsally between the scapulae. Following surgery, animals were given 7 d to recover from surgery before starting self-administrated behavioral tests. During the first 4 d after surgery, animals received daily antibiotic treatment (penicillin, 160,000 U/ml, i.m.; 0.1 ml/mice), and catheters were flushed with 0.04 -0.06 ml of heparanized saline (30 U/ml 0.9% sterile saline).
Drug injections
Short-term and repeated cocaine injections. Mice used for detecting PRMT mRNA and/or protein received repeated (7 d, 20 mg/kg, i.p.; once daily) and short-term (for 6 d, saline; 1 d, 20 mg/kg, i.p.) cocaine injections in the home cage. Mice that received repeated cocaine injections were killed 24 h after the last cocaine injection, and mice that received short-term cocaine injections were killed 1 h after the last injection.
Cocaine withdrawal. Mice were injected with cocaine or saline (20 mg/kg, i.p.) once per day for 7 d. After 1, 7, 14, 28, and 42 withdrawal days, the mice were quickly decapitated, and their brains were rapidly removed and processed for Western blotting.
Intra-NAc MTA, . For experiments investigating the effects of PRMT1 inhibitors on cocaine CPP, mice were surgically implanted with sterilized guide cannulae in NAc. Intra-NAc injections of MTA (500 M, 1 l/injection, 0.1 l/min), AMI-1 (1 mM, 1 l/injection, 0.1 l/min), SKLB-639 (1 mM, 1 l/injection, 0.1 l/min), and vehicle (0.5% DMSO, 1 l/injection, 0.1 l/min; Hevia et al., 2004) were administered 30 min before cocaine or saline administration.
Cocaine self-administration
Cocaine self-administration was performed as previously described (Noonan et al., 2008) . Sterilized catheters were surgically inserted into the right jugular vein of mice. Mice had 2 h of access daily to cocaine (0.75 mg/kg/infusion) under a fixed ratio-1 reinforcement schedule. For PRMT1 Western blotting and PCR, mice underwent 7 d of cocaine selfadministration; then, they were killed 24 h after the last infusion.
Conditioned place preference
A cocaine CPP test in mice was performed as previously described, with slight modification (Valjent et al., 2006) . All mice were handled for 3 consecutive days for 5 min each day before the experiment (days 1-3), after which mice were baseline tested at day 4, and subsequently conditioned during days 5-10. At day 11 (CPP test 1), time spent in each compartment was measured. Mice were killed within 30 min after CPP test 1.
Locomotor activity
Locomotor activity sessions were conducted once daily. Each mouse was placed in a locomotor activity chamber followed by intraperitoneal injection of 20 mg/kg cocaine or saline, and locomotor activity was measured for 30 min, as previously described (Pritchard et al., 2012). The chambers were black acrylic boxes (40.64 ϫ 40.64 ϫ 31 cm) that were equipped with a top unit including a camera. Automated tracking was performed using EthoVision version 7.0 software (Noldus Information Technology).
Tissue isolation
At the end of each testing session, mice were killed by rapid decapitation. The NAc, striatum, hippocampus, and prefrontal cortex were removed from the brain, snap frozen in liquid nitrogen, and stored at Ϫ80°C until protein extracts were prepared. For RNA isolation, samples were stored in RNAlater solution (Beyotime Institute of Biotechnology) and stored at Ϫ80°C until processed further.
Measurement of nuclear and cytoplasmic PRMT1 activity
Nuclear and cytoplasmic extracts of fresh mouse NAc were separated using a commercial kit according to the manufacturer instructions (Beyotime Institute of Biotechnology). PRMT1 activity was subsequently determined with a Chemiluminescent Assay Kit (52004L, BPS Bioscience).
Chemiluminescent assay to establish IC 50 values
Chemiluminescent Assay Kits [PRMT3 (52005L), PRMT4 (52041L), PRMT5 (52002L), PRMT6 (52046), and PRMT8 (52058), BPS Bioscience) were used to determine the IC 50 of compounds. Briefly, enzymatic reactions were conducted at room temperature for 30 min in a 50 l mixture containing proper methyltransferase assay buffer, 0.2 M S-adenoslymethionine, 2.5 ng of PRMT1 enzyme, and the test compound (concentration range, 0.005-100 M). The plates precoated with histone substrate were then performed as introductions. Finally, the luminescence of each well was measured in a BioTek Synergy 2 microplate reader. The luminescence data were analyzed and compared. In the absence of the compound, the intensity (Ce, the intensity of the absence of the compound) in each dataset was defined as 100% activity. In the absence of enzyme, the intensity (C0, the intensity of the absence of the enzyme) in each dataset was defined as 0% activity. The percentage of activity in the presence of each compound was calculated according to the following equation: percentage of activity ϭ (C Ϫ C0)/(Ce Ϫ C0), where C is the luminescence in the presence of the compound. [percentage of inhibition ϭ 100 Ϫ ( percentage of activity).] IC 50 for compounds was calculated by nonlinear regression analysis of sigmoidal dose-response curves. To determine the IC 50 of SKLB-639 on additional PRMTs, varied enzyme concentrations were used for each reaction [PRMT3, 25 ng/reaction; PRMT4, 200 ng/reaction; PRMT5, 100 ng/reaction; PRMT6, 100 ng/reaction; PRMT8, 50 ng/reaction].
Western blot
The expression levels of PRMT1 (catalog #ab70724, abcam), PRMT4 (catalog #4438, CST), PRMT5 (catalog #2252, CST), H4R3me2a (catalog #39705, Active motif), H3R17me2a (catalog #A2421, ABclonal Technology), H3R2me2a (catalog #A3155, ABclonal Technology), H2AR3me2a (catalog #ab21574, abcam), dimethyl (sym; catalog #ICP0811, Immunechem), hypoacetylation of histone H3 lysine 9 and 14 (acH3K9/K14; catalog #9677, CST), H3K9me2 (catalog #AH438, Beyotime Institute of Biotechnology), H3K36me3 (catalog #ab9050, abcam), and ␤-actin (catalog #4967, CST) were examined by Western blot as we did previously (Li et al., 2012) .
RNA isolation and quantitative reverse transcription-PCR detection
Bilateral NAc samples from mice treated with the indicated regimen of cocaine were dissected, homogenized in TRIzol, and then processed according to the manufacturer instructions. RNA was purified with RNeasy Micro Columns, and spectroscopy confirmed that the RNA 260/280 ratio was Ͼ1.8. RNA was then reverse transcribed using a Bio-Rad iScript Kit. The cDNA was quantified by quantitative reverse transcription-PCR (qRT-PCR) using SsoAdvanced SYBR Green Supermix. Each reaction was run in triplicate and analyzed following the ⌬⌬Ct method, as previously described. All primer sequences are listed in Tables 1 and 2 .
Immunohistochemistry
Mice were sedated with a lethal dose of chloral hydrate and perfused with 1ϫ PBS followed by 4% paraformaldehyde (PFA). Brains were post-fixed overnight in 4% PFA then were cryoprotected overnight in 30% sucrose in PBS. Brains were sliced on a microtome at 10 m. The brain sections underwent antigen retrieval. The sections then blocked, washed, and incubated with anti-PRMT1 (1:200; catalog #2449, CST) antibodies and DyLight 488 (green) or 594 (red) fluorescent-coupled secondary antibodies. Nuclear costaining was achieved by incubating sections in 1ϫ PBS containing DAPI (2 g/ml) for 10 min. Finally, sections were mounted in an antifade solution. All sections were imaged using a fluorescence microscope. And DAPI-positive and PRMT1-positive cells were counted by ImageJ software.
Chromatin immunoprecipitation
Fresh NAc were formaldehyde cross-linked and prepared for chromatin immunoprecipitation (ChIP) as previously described (Maze et al., 2010b) . Tissue sonication and chromatin shearing were performed according to the manufacturer instructions Millipore) . Primer sequences were listed in Tables 1 and 2 .
Statistical analysis
Statistical significance was measured using an unpaired two-tailed Student's t test when comparing two groups with SPSS Statistics 21 software. One-way ANOVA following a Tukey's post hoc test was used to determine significance for CPP, Western blotting, and mRNA analysis with more than two groups using SPSS Statistics 21 software. For locomotion activity, cocaine-induced nucleus and cytoplasm activity alterations, and cocaine-induced alterations of PRMT1 protein nucleus and cytoplasm, two-way ANOVAs followed by Bonferroni post-tests were performed using GraphPad Prism 5, as experiments contained multiple groups. All values included in the figure legends represented the mean Ϯ SEM (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001).
Results
Increased expression of PRMT1 in NAc by repeated cocaine administration
As a first step to determine the role of PRMTs in cocaine effects, we used qRT-PCR to screen basal transcriptional levels of PRMT1 to PRMT8 as well as expression in the NAc of mice that received repeated (7 d, 20 mg/kg, i.p.; once daily) and short-term (6 d, saline; 1 d, 20 mg/kg, i.p.) injections. Because PRMT9 is not expressed in mice, we did not measure mRNA expression of this form. We observed that PRMT1 and PRMT8 had the highest expression in NAc, while PRMT6 had the lowest expression. The relative levels of the other PRMTs in this region were similar (Fig.  1A) . The expression of PRMT1 mRNA in NAc was increased (ϳ50%) by repeated cocaine injections compared with that of saline-treated mice ( Fig. 1B ; t (8) ϭ 2.630, p Ͻ 0.05). In comparison, other PRMTs did not show significant changes in this brain region, with the exception of PRMT6, which showed a 28% decrease in expression ( Fig. 1B ; t (8) ϭ 2.447, p Ͻ 0.05). Although both PRMT1 and PRMT6 are type I PRMTs, PRMT1 is the predominant type I PRMT in mammalian cells, accounting for Ͼ90% of cellular PRMT activity (Bedford and Clarke, 2009; Li et al., 2010) . Thus, we focused on investigating the role of PRMT1 in regulating cocaine-induced CPP. Consistent with PCR results, protein levels of PRMT1 were also increased following repeated cocaine injections (Fig. 1C , t (6) ϭ 4.207, **p Ͻ 0.01). To test whether PRMT1 could be induced in the short term, we examined PRMT1 mRNA expression 1 h after a single cocaine injection. In this case, we observed similar alterations with repeated noncontingent cocaine injections (Fig. 1D , t (6) ϭ 2.622, *p Ͻ 0.05). Moreover, to determine whether increased expression of PRMT1 in NAc was specific, we examined PRMT1 expression in striatum, prefrontal cortex, and hippocampus after repeated noncontingent cocaine injections. We found that none of these brain regions showed changes (data not shown). Finally, with regard to whether PRMT1 was regulated by cocaine selfadministration, a long-term volitional delivery of cocaine, we examined the expression of PRMT1 24 h after cocaine selfadministration (Fig. 1E) . Our results showed that PRMT1 expression was elevated at the transcriptional level as well as at translational level following cocaine self-administration (Fig. 1F , t (8) ϭ 2.677, *p Ͻ 0.05; Fig. 1G , t (6) ϭ 2.535, *p Ͻ 0.05). Together, these data demonstrate that noncontingent cocaine exposure and cocaine self-administration increased the expression of PRMT1 in NAc.
To determine whether cocaine-induced CPP is associated with an elevation in PRMT1 expression in NAc, a series of experiments was performed. First, we showed that mice that received cocaine injections spent more time in a cocaine-paired chamber compared with mice that received saline (Fig. 2B, t (22) ϭ 7.458, ***p Ͻ 0.001). Subsequently, we examined PRMT1 mRNA expression from NAc samples subjected to cocaine 24 h after CPP test. As shown in Figure 2C , cocaine CPP (t (8) ϭ 3.916, ***p Ͻ 0.001) elevated PRMT1 mRNA production in NAc. Consistently, PRMT1 protein expression in NAc was increased, as demonstrated by Western blot (Fig. 2D , t (4) ϭ 4.276, *p Ͻ 0.05). Moreover, immunostaining revealed that PRMT1 was predominantly expressed in the nucleus (Fig. 2E) , and cocaine CPP was associated with an increase in the number of PRMT1-positive cells in NAc of mice (Fig. 2F, t (17) ϭ 2.907, *p Ͻ 0.05). To further assess whether cocaine CPP redistributed PRMT1 across the nucleus and cytoplasm in NAc, we detected the PRMT1 activities both in the nuclear extract and cytoplasmic extract by using the Chemiluminescent Assay Kit (catalog #52004L, BPS Bioscience). Results showed that cocaine CPP increased PRMT1 enzymatic activity by 46% ( Fig. 2G ; nuclear: F (1,20) ϭ 8.264, **p Ͻ 0.01). However, this elevation was shown only in the nuclear extract, whereas no changes were observed in the cytoplasmic extract (Fig. 2G) . Moreover, we detected PRMT1 protein levels in these subcellular fractions. We found that PRMT1 protein was increased both in the cytoplasm and nucleus in cocaine-treated mice; however, only nuclear PRMT1 was statistically significant (Fig. 2H , t (7) ϭ 2.948, *p Ͻ 0.01), which was consistent with PRMT1 activity distribution.
Development of selective bioactive PRMT1 inhibitor
To study the role of PRMTs in cocaine reward, we tested the effect of intra-NAc MTA or AMI-1, nonspecific PRMT1 inhibitors (Cheng et al., 2004; Iwasaki and Yada, 2007; Limm et al., 2013) . Based on previous studies, we used a 30 min time delay between inhibitors and cocaine injection (Hevia et al., 2004) . We found that intra-NAc MTA or AMI-1 attenuated cocaine CPP scores, as shown in Figure 3 , A and B, respectively. Importantly, the effect of AMI-1 on cocaine CPP scores was associated with reduced modification of H4R3me2a, which is asymmetrically methylated by PRMT1 ( Fig. 3C; F (3, 12) ϭ 11.021, *p Ͻ 0.05), whereas AMI-1 alone did not influence basal PRMT1 expression (Fig. 3D) . To further investigate whether cocaine CPP specifically increased the histone mark of H4R3me2a, we studied the level of H2AR3me2a, another histone substrate of PRMT1. Results showed that H2AR3me2a modification was not affected by cocaine CPP (data not shown). Because of the poor potency and selectivity of MTA and AMI-1 against PRMT1, we developed our own PRMT1 inhibitors with high potency and better selectivity. Similar to the discovery of other novel small-molecule inhibitors (Knutson et al., 2012; Lobera et al., 2013) , a virtual screening against an in-house database (15,039 compounds) was first performed (see Materials and Methods). The first few hundred hits were clustered and visually inspected in consideration of the binding mode of known inhibitors of PRMT1 Bissinger et al., 2011; Cheng et al., 2011; Wang et al., 2012a) .
Initially, 19 compounds were tested using the Chemiluminescent Assay Kit (52004L, BPS Bioscience), and 4 of them showed inhibition of PRMT1. To get more potent and selective inhibitors, we synthesized and screened a small library of lead derivatives based on these four hits. Considering the known PRMT1 inhibitors, we first synthesized a lot of symmetric structural compounds with 5-nitropyrimidine-4,6-diamine. Among them, amidine moiety was B, C57BL/6 mice were injected repeatedly (7 d, 20 mg/kg, i.p., once daily) with cocaine. NAc samples were analyzed 24 h after the last injection. Student's t tests, *p Ͻ 0.05, n ϭ 5 saline, n ϭ 5 repeated cocaine. C, Repeated noncontingent cocaine injections upregulated PRMT1 protein expression in NAc (Student's t tests, **p Ͻ 0.01, n ϭ 4 saline, n ϭ 4 repeated cocaine). D, Mice were injected over the short term with cocaine (6 d, saline; 1 d, 20 mg/kg, i.p.). NAc samples were analyzed 1 h after the last injection (Student's t tests, *p Ͻ 0.05, n ϭ 4 saline and n ϭ 4 acute cocaine). E, The number of the "active" and "inactive" pokes for each daily session of cocaine self-administration, whereby active pokes resulted in cocaine infusion (0.75 g/kg/infusion) and the inactive pokes in both circumstances were without consequence. n ϭ 9 saline, n ϭ 9 cocaine. F, Cocaine self-administration caused elevated expression of PRMT1 mRNA in NAc. Student's t tests, *p Ͻ 0.05, n ϭ 5 saline, n ϭ 5 cocaine self-administration. G, Cocaine self-administration increased PRMT1 protein level. Actin was used as the loading control. Student's t tests, *p Ͻ 0.05, n ϭ 4 saline, n ϭ 4 cocaine self-administration. Data are presented as the mean Ϯ SEM.
found to be very important to the activity of this series. Docking was performed to understand the binding mode of these compounds. We found that amidine moiety binds deeply into the substrate binding site, and forms hydrogen bond interactions with Glu161 and other amino acids, just like the arginine residue of the substrate. We then synthesized a series of asymmetric structural compounds with 5-nitropyrimidine-4,6-diamine as the scaffold and amidine as the tail. Finally, we identified a symmetric structural SKLB-639 (Fig.  4A) , which effectively inhibited the methylation of H4R3me2a by PRMT1 with an IC 50 value of 2.4 M, which was more potent than the well known pan-PRMT inhibitor AMI-1 (IC 50 ϭ 20 M) against PRMT1 in the same assay (Fig. 4E) .
We further studied the differences in the mechanism of action and possible binding mode between SKLB-639 and PRMT1. Results showed that IC 50 values of SKLB-639 increased linearly in the presence of increasing concentrations of H4 peptide concentrations. On the contrary, IC 50 values of SKLB-639 remained constant with the concentration variation of the cofactor S-adenoslymethionine (data not shown). These results indicate that SKLB-639 is competitive with the substrate H4 peptide, whereas it is noncompetitive with the cofactor S-adenoslymethionine. Together, the above biochemical assays suggest that SKLB-639 binds in the substrate binding pocket of PRMT1, which confirmed our prior hypothesis.
Docking was then conducted to understand the possible binding mode and the detailed interactions of SKLB-639 with hPRMT1. Figure 4 , B and C, showed the predicted interaction mode of SKLB-639 with hPRMT1 in the substrate binding pocket. One amidine group of SKLB-639 occupied the substrate binding pocket, which was a narrow channel formed by side chains of Tyr47, Ile52, Met56, Trp302, and His301, and the backbone of residues Glu152-Tyr156. The amidine group was engaged in extensive interactions with the protein, with this moiety forming electrostatic and hydrogen bond interactions with Glu161, which was the one of the conserved active sites, also known as Double-E. In addition, it also formed hydrogen bonds with residues Met154, Tyr47, and His301. Met154 was another important conserved residue in the PRMT substrate-binding site that interacts with arginine. The presence of the other amidine group was involved in hydrogen bonding to Arg361 and Tyr163, which explained the high activity of SKLB-639 over other asymmetric structure compounds, with 5-nitropyrimidine-4,6-diamine as the scaffold. Additionally, the nitro-group also made a hydrogen bond with Tyr156 (Fig. 4D) .
We next determined the selectivity of SKLB-639 for PRMT1 against other PRMT family members. PRMT3, 4, 5, 6, and 8 were chosen in this assay. We did not examine PRMT2 and PRMT7, because no activity was demonstrated for PRMT2, and poorly characterized activity was found for PRMT7 (Bedford and Clarke, 2009) . Results showed that IC 50 values of SKLB-639 against PRMT3 and PRMT4 were 36.4 and 73.9 M (Fig. 4 F, G) , indicating a selectivity of Ͼ15-and 30-fold, respectively. Notably, the IC 50 values of SKLB-639 against PRMT5, 6, and 8 were all Ͼ100 M (Fig. 4 F, J ) . All of these data indicate that SKLB-639 is a potent and selective inhibitor of PRMT1.
SKLB-639 suppresses cocaine-induced behavior
We next assessed the behavioral actions of SKLB-639 in the cocaine CPP paradigm following intra-NAc delivery (Fig. 5A) . Notably, SKLB-639 caused a decrease in CPP scores (Fig. 5B,  F (3,43) ϭ 13.878, *p Ͻ 0.05, ***p Ͻ 0.001). Subsequently, we Figure 2 . PRMT1 is increased following cocaine-induced conditioned place preference. A, Timeline of cocaine CPP experiment. B, Cocaine CPP. After conditioning, mice developed a significant preference for the cocaine-paired side. Student's t tests, ***p Ͻ 0.001, n ϭ 12 saline, n ϭ 12 cocaine. C, Cocaine CPP caused significant elevation of PRMT1 expression in mRNA level. Student's t tests, ***p Ͻ 0.001, n ϭ 5 saline, n ϭ 5 cocaine. D, Representative immunoblot demonstrating elevated PRMT1 expression in NAc following cocaine CPP. Actin was used as the loading control. Student's t tests, *p Ͻ 0.05, n ϭ 3 saline, n ϭ 3 cocaine. E, PRMT1 protein expression in NAc measured by immunohistochemistry, 24 h following cocaine CPP (40ϫ objective). F, Ratio of merged positive cells and DAPI-positive cells from E were counted and averaged, respectively. There were a total of 2348 DAPI-positive cells after saline CPP, which were counted from 8 photos in three mice, whereas 2696 cells were counted from 11 photos in four mice challenged by cocaine CPP. Student's t tests, *p Ͻ 0.05. G, PRMT1 activity was detected in nucleus and cytoplasm in NAc after cocaine CPP. The PRMT1 activity in nucleus was obviously increased. **p Ͻ 0.01. n.s., Not significant. n ϭ 6 saline, n ϭ 6 cocaine. Data are presented as the mean Ϯ SEM. H, Levels of PRMT1 in cytoplasm and nuclear fractions in NAc from cocaine CPP mice were detected by Western blot. PRMT1 protein in nuclear extract was statistically increased. *p Ͻ 0.01. n.s., not significant, n ϭ 4 saline, n ϭ 4 cocaine.
examined the protein levels of H4R3me2a in NAc samples from cocaine CPPexperienced mice. The modification of H4R3me2a was increased after treatment with vehicle plus cocaine, while its expression was not changed in an SKLB-639 plus cocaine challenge, compared with a vehicle plus saline injection (Fig. 5C) . Additionally, in this assay, SKLB-639 alone caused an ϳ0.2-fold decrease in H4R3me2a within NAc (Fig. 5C) . However, consistent with in vitro results, SKLB-639 did not affect the expression of H3R2me2a and H3R17me2a modifications that followed from the activity of PRMT6 and PRMT4 (Fig. 5 D, E) , respectively (Guccione et al., 2007; Selvi et al., 2010) , nor did it affect the dimethyl (sym) mediated by type II PRMTs (Nicholson et al., 2009 ; Fig. 5F ). Moreover, we also found that cocaine alone did not influence the expression of H3R2me2a, H3R17me2a, and dimethyl (sym). Combined with our in vitro results, these data suggest that the biological activity of NAc PRMT1, in particular, plays an important role in the behavioral actions of cocaine.
Downregulation of PRMT1 in NAc modulates behavioral responses to cocaine
From the studies described above, we observed that the inhibition of PRMT1 enzymatic activity by SKLB-639 attenuated cocaine CPP. To further test whether genetic downregulation of PRMT1 can influence cocaine-induced rewards, we constructed a lentivirus to specifically express shRNA of PRMT1 in NAc. We first designed three types of shRNA targeting different PRMT1 isoform-specific sequences and without any binding sites to other PRMTs. We selected the vector that showed the most effective inhibition of PRMT1 expression, but without effects on the expression of other PRMT isoforms. We next examined the effect of PRMT1 downregulation on cocaine-elicited behaviors by giving mice bilateral intra-NAc injections of vectors expressing either GFP (LV-GFP) or LV-shPRMT1 (Fig. 6A) . Importantly, mice expressing PRMT1 shRNA in NAc displayed a reduced preference for cocaine in contrast to those expressing GFP (Fig. 6B, F (3,45) ϭ 22.036, *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001), which is equivalent to the levels observed for pharmacological inhibition of PRMT1 (Fig. 5B) . Furthermore, NAc-specific PRMT1 downregulation impaired cocaine-induced locomotor sensitization (Fig. 6C, F (3,308) ϭ 219.5, *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001); however, neither the CPP score nor the basal locomotor activity was affected by LV-shPRMT1 alone (Fig. 6 B, C) . To verify that the attenuation of cocaine-induced behavioral plasticity was associated with PRMT1 disruption, qRT-PCR and Western blotting were used to detect PRMT1 expression. As expected, the levels of PRMT1 mRNA as well as of protein in NAc after the cocaine CPP procedure were downregulated by LV-shPRMT1 cocaine when compared with LV-GFP cocaine (Fig. 6D, F (3,20) ϭ 15.615, *p Ͻ 0.05, **p Ͻ 0.01; Fig. 6E,  F (3,16) ϭ 20.91, *p Ͻ 0.05, ***p Ͻ 0.001). Immunostaining also revealed a weakened PRMT1 immunoreactivity in NAc of mice treated with LV-shPRMT1 (Fig. 6F ) .
We next examined the changes in H4R3me2a. As shown in Figure 6G , we observed that H4R3me2a expression was increased in the LV-GFP cocaine group, but was inhibited in the LV-shPRMT1 cocaine group, which was coincident with PRMT1 reduction. Since published studies suggest that PRMT1 controls H4R3me2a and sub- Figure 3 . Intra-NAc injections of PRMT inhibitors regulate cocaine-induced behavioral plasticity. A, Intra-NAc MTA (500 M, 1 l/injection) attenuated cocaine CPP. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. n ϭ 9 VehicleϩSaline, n ϭ 8 MTAϩSaline, n ϭ 8 VehicleϩCocaine, n ϭ 11 MTAϩCocaine. B, Intra-NAc AMI-1 (1 mM, 1 l/injection) partially blocked cocaine CPP. *p Ͻ 0.05, ***p Ͻ 0.001. n ϭ 13 VehicleϩSaline, n ϭ 9 AMI-1ϩSaline, n ϭ 12 VehicleϩCocaine, n ϭ 12 AMI-1ϩCocaine. C, Intra-NAc AMI-1 (1 mM, 1 l/injection) decreased cocaine CPP-induced H4R3me2a expression in NAc. *p Ͻ 0.05. n ϭ 4 VehicleϩSaline, n ϭ 4 AMI-1ϩSaline, n ϭ 4 VehicleϩCocaine, n ϭ 4 AMI-1ϩCocaine. D, Intra-NAc AMI-1 (1 mM, 1 l/injection) did not influence basal PRMT1 expression in NAc. *p Ͻ 0.05. n.s., Not significant. n ϭ 4 VehicleϩSaline, n ϭ 4 AMI-1ϩSaline, n ϭ 4 VehicleϩCocaine, n ϭ 4 AMI-1ϩCocaine. Data are presented as the mean Ϯ SEM.
sequently affects histone acetylation at site H3K9/K14 (Fig. 6G,  F (3,12) ϭ 11.92, *p Ͻ 0.05, **p Ͻ 0.01; Li et al., 2010) . We also asked whether a loss of asymmetric dimethyl H4R3 resulted in the disruption of H3K9/K14 acetylation modification in NAc in cocaine reward. We thus examined the changes in H3K9/K14 acetylation after LV-shPRMT1 cocaine treatment. Strikingly, the expression of acH3K9/K14 was also decreased by LV-shPRMT1 compared with LV-GFP, supporting a model in which histone H4 Arg3 methylation is a critical requirement for subsequent histone H3 acetylation ( Fig.  6A,D ; Li et al., 2010) . These results indicate that NAc-specific PRMT1 knockdown may serve to counter the rewarding response to the drug.
H4R3me2a regulates Cdk5 and CaMKII gene expressions and is relatively longer lived when modified by repeated noncontingent cocaine injection
Prior investigations have shown that histone lysine acetylation and methylation modifications play crucial roles in gene transcription. In particular, it has been shown that these changes control the transcriptional activation state at the promoter regions of Cdk5 and CaMKII (Kumar et al., 2005) . Therefore, we hypothesize that alterations in H4R3me2a and acH3K9/ K14 by PRMT1 in NAc might affect the expression of Cdk5 and CaMKII, both of which have previously been demonstrated to influence aspects of drug action (Bibb et al., 2001; Kumar et al., 2005; Kadivar et al., 2014) . We thus tested the binding of H4R3me2a and acH3K9/K14, respectively, to the promoters of these putative gene targets after repeated cocaine administration by using ChIP. We found that Cdk5 and CaMKII showed exclusively increased binding of H4R3me2a and acH3K9/K14 after repeated cocaine injections, indicating potentially increased transcriptional activation of Cdk5 and CaMKII (Fig. 7 A, C) .
To validate that alterations in H4R3me2a and acH3K9/K14 interactions with repeated cocaine challenge were associated with transcriptional changes, we measured the mRNA levels of CaM-KII and Cdk5 by using qRT-PCR. We found that both of them displayed markedly increased mRNA expression after repeated noncontingent cocaine injections (Fig. 7B, t (8) ϭ 3 .303, *p Ͻ 0.05; Fig. 7D, t (8) ϭ 2. 463, *p Ͻ 0.05). Additionally, we also found that, with the suppression of PRMT1 in NAc, the levels of CaMKII and Cdk5 in the LV-shPRMT1 cocaine group were decreased compared with that of the LV-GFP cocaine group following use of the CPP apparatus (Fig. 7E , *p Ͻ 0.05). These results suggested that PRMT1 negatively affected the ability of cocaine to induce CaMKII and Cdk5 in NAc.
To examine the longevity of the increased modification of H4R3me2a by repeated noncontingent cocaine injections, we analyzed NAc samples at a global level at several time points during cocaineinduced withdrawal. We found that the level of H4R3me2a was elevated after 1 d of withdrawal, and that this significant elevation remained for 7 d (Fig. 7F : day 1, t (4) ϭ 6.906, *p Ͻ 0.05; day 7, t (4) ϭ 4.886, *p Ͻ 0.05). At 14 d after withdrawal, this effect was no longer statistically significant and was beginning to return to a normal level. To determine potentially longerlasting modifications of H4R3me2a, we detected the levels of H3K9me2 and H3K36me3 at the same time points. In contrast to H4R3me2a, the levels of H3K9me2 and H3K36me3 were decreased by repeated cocaine injections after 1 d of withdrawal and quickly returned to normal level (Fig. 7G , t (4) ϭ 4.010; Fig.  7H , t (4) ϭ 6.904). These results provide a novel chromatin-based mechanism that PRMT1 regulates cocaine-induced reward through modulating the histone methylation of arginine residues in a longterm manner, eventually regulating the transcriptional activation of target genes, which appears to be a key mechanism of cocaine-induced behavioral plasticity.
Discussion
Our results reveal a novel histone modification that occurs with cocaineinduced CPP. We describe the development of an inhibitor of PRMT1, SKLB-639, that, in contrast to prior compounds, is selective both in vitro and in vivo. NAc-targeted manipulations using small-molecule chemical inhibitors or PRMT1 knockdown to specifically inhibit PRMT1 activity attenuate cocaine-induced CPP in mice. We additionally demonstrate that, compared with histone lysine modification, H4R3me2a is a relatively long-lived change that occurs with repeated noncontingent cocaine exposure. Our findings reveal a new and effective pharmacological strategy to selectively inhibit PRMT1 activity, and we demonstrate a novel form of plasticity that occurs in the background of cocaine-associated plasticity.
Since the first protein methyltransferase was characterized, Ͼ50 human protein methyltransferases have been identified (Vedadi et al., 2011). Therefore, over the past decade, numerous epigenetic modifying enzyme inhibitors have become available to the chemical biology community (Vedadi et al., 2011) . Accumulating evidence shows that selective pharmacological inhibition of catalytic activity in an individual enzyme is a useful strategy to probe its contribution to neuronal dysfunction. However, because of the highly conserved sequence and structure of the catalytic domain within PRMTs, few small-molecule tools are currently available for probing the activity of individual family members. (1 mM, 1 l/injection) significantly attenuated cocaine CPP. *p Ͻ 0.05, ***p Ͻ 0.001. n.s., Not significant. n ϭ 13 VehicleϩSaline, n ϭ 10 SKLB-639ϩSaline, n ϭ 11 VehicleϩCocaine, n ϭ 13 SKLB639ϩCocaine. C, SKLB-639 decreased expression of H4R3me2a in NAc. *p Ͻ 0.05, **p Ͻ 0.01. n.s., Not significant. n ϭ 4 VehicleϩSaline, n ϭ 4 VehicleϩCocaine, n ϭ 4 SKLB-639ϩCocaine, n ϭ 4 SKLB-639ϩSaline. D-F, SKLB-639 did not influence levels of H3R2me2a, H3R17me2a, and dimethyl (sym) in NAc in vivo, respectively. n ϭ 4 VehicleϩSaline, n ϭ 4 SKLB639ϩSaline, n ϭ 4 VehicleϩCocaine, n ϭ 4 SKLB-639ϩCocaine. Data are presented as the mean Ϯ SEM.
A key aspect of this work, starting with a structure-based virtual screening and followed by a chemical optimization approach, is that we identify a novel and structurally unique compound (SKLB-639) that effectively and preferentially inhibits the methylation of H4R3me2a by PRMT1 in vitro and in vivo. Although the PRMTs share key residues, including the Double-E loop in the peptide substrate-binding cavity, the amino acids proximal to the cavity are not identical. Our docking structure suggests that the 5-nitropyrimidine-4,6-diamine scaffold, which enforces strong spatial constraints, may allow for high target selectivity. Although there is some inhibition of PRMT3 and PRMT4 in in vitro experiments, it is quite small compared with that against PRMT1. Our in vivo data suggest that the ability of SKLB-639, at a dose of 1 mM, can decrease PRMT1 activity in a selective manner, in that we do not observe PRMT4-or PRMT6-dependent modifications of H3R17me2a and H3R2me2a; nor do we observe the changes expected to follow from type II PRMT activity in the NAc of mice following administration of intra-NAc SKLB-639 (Guccione et al., 2007; Nicholson et al., 2009; Selvi et al., 2010) . While the current compound represents a chemical and biological probe for in vitro and in vivo experiments, we do not suggest that this compound itself could form a basis for patient treatment. Pharmacological optimization and clinical study of SKLB-639 do, however, hold great promise for eventual clinical use.
Histone H4 Arg3 methylation is one of the least well characterized histone tail modifications. PRMT1 produces mono- Figure 6 . NAc-specific downregulation of PRMT1 regulates cocaine-induced behavioral plasticity. A, Verification of anatomical placement and viral infection in NAc; diagram of the coronal brain slice was taken from the mouse brain atlas at 1.54 mm. B, One-way ANOVA revealed that PRMT1 downregulation significantly attenuated the cocaine reward of PRMT1. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. n ϭ 13 LV-GFP Saline, n ϭ 13 LV-shPRMT1 Saline, n ϭ 11 LV-GFP Cocaine, n ϭ 12 LV-shPRMT1 Cocaine. C, LV-shPRMT1 significantly reduced the locomotor activity of mice treated with repeated cocaine injections. n ϭ 11 LV-GFP Saline, n ϭ 12 LV-shPRMT1 Saline, n ϭ 12 LV-GFP Cocaine, n ϭ 13 LV-shPRMT1 Cocaine. *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001 compared with LV-shPRMT1 cocaine group. D, PRMT1 mRNA level in NAc of mice infected with LV-shPRMT1 after cocaine CPP. *p Ͻ 0.05, **p Ͻ 0.01. n ϭ 6/condition. E, PRMT1 protein level in NAc of mice infected with LV-shPRMT1 after cocaine CPP. *p Ͻ 0.05, ***p Ͻ 0.001. n ϭ 7 LV-GFP saline and LV-shPRMT1 saline group, n ϭ 3 LV-GFP cocaine and LV-shPRMT1 cocaine group. F, Representative immunoblots demonstrating the downregulated expression of PRMT1 in NAc of mice with cocaine CPP test. G, Protein levels of H4R3me2a in NAc of mice injected with LV-GFP or LV-shPRMT1 after cocaine CPP. *p Ͻ 0.05, **p Ͻ 0.01. n.s., Not significant. n ϭ 4/condition. H, Protein levels of acH3K9/K14 in NAc of mice infected with LV-GFP or LV-shPRMT1 after cocaine CPP. *p Ͻ 0.05. n.s., Not significant. n ϭ 4/condition. All data are presented as the mean Ϯ SEM.
symmetric and asymmetric dimethyl-arginines, which play an important role in the transcriptional activation and maintenance of an active chromatin environment (Yang et al., 2010; Dhar et al., 2012) . In vitro studies have demonstrated that PRMT1 methylates H4 Arg3, and that, once methylated, H4 and H3 are better substrates for acetyltransferases; however, once acetylated, the histone tails lose their ability to become methylated by PRMT1, suggesting a unidirectional relay of histone-marking processes in a transcription cycle (Wang et al., 2001) . Consistent with these previous observations, our data show that PRMT1 knockdown may result in reduced H4R3me2a expression to alter potential H3K9/K14 acetylation by acetyltransferases, and to eventually result in diminished acH3K9/K14 modification in NAc. In the present study, the effect of shRNA-mediated PRMT1 knockdown on H4 Arg3 methylation shows that PRMT1 is the principal enzyme responsible for this modification. Importantly, H4 Arg3 methylation is necessary for lysine acetylation of H3 in brain reward regions. In fact, histone arginine methylation occurring in conjunction with modifications in lysine methylation, lysine acetylation, and serine phosphorylation strongly suggests functional cross talk among the pathways.
Cocaine-induced behavioral abnormalities are particularly long lived. Thereby, one of the critical challenges in the field is to identify relatively stable drug-induced changes in the brain . Prior investigations have shown that histone lysine acetylation and methylation modifications play crucial roles in gene transcription. In particular, it has been known that CaMKII and Cdk5 are examples of genes that are induced by repeated cocaine administration, and that can individually influence aspects of cocaine addiction. Since H4R3me2a and acH3K9/K14 represent markers that are correlated with increased gene transcription, the enrichment of H4R3me2a and acH3K9/K14, as well as the elevated expression of CaMKII and Cdk5 mRNA, suggest that these genes are downstream targets of PRMT1 following repeated noncontingent cocaine injection. Dimethylation of arginine is a relatively stable change because it is unclear whether this modification can be enzymatically reversed. At present, Jumonji domain-containing protein 6 and peptidylarginine deiminases are considered two putative arginine demethylases, but they are not "true" demethylases because they cannot remove the methyl group from methylated arginine residues or free arginine from the derivatives (Sarmento et al., 2004; Bedford and Clarke, 2009; Di Lorenzo and Bedford, 2011) . Theoretically, arginine dimethylation likely represents more of a "long-term" activation marker representing a change in transcriptional regulation. In fact, our data show that H4R3me2a is not a permanent modification, as previously suggested, since it returns to normal at 14 d after cocaine withdrawal. However, it is a relatively stable modification compared with H3K36me3 and even H3K9me2, which have been described with cocaine addiction (Maze et al., 2010a) . Considering the persistent nature of addiction, altered H4R3me2a within gene promoters, as suggested in the present study, could more persistently influence gene expression in NAc to maintain cocaine-induced CPP.
The molecular mechanisms by which arginine methylation of histones by PRMT1 contributes to chromatin remodeling and transcriptional activation in response to cocaine remain to be determined. Our findings indicate that H4R3me2a affects the transcriptional activity of its target genes following repeated cocaine injections. In addition, the absence of PRMT1 may interfere with the recruitment of histone acetyltransferases due to the absence of methylation on H4 Arg3. Thus, the modification of arginine methylation at histone H4 sites may represent an integral component of the transcriptional activation process. Together, this work demonstrates the importance of PRMT1 in the modification of H4R3me2a Figure 7 . Histone modifications following repeated cocaine injections. A, CaMKII showed concerted changes in H4R3me2a and acH3K9/K14 enrichment following repeated cocaine injections. PR, promoter region; NPR, nonpromoter region. *p Ͻ 0.05. n ϭ 3/condition, n ϭ 4 animals pooled/condition. B, CaMKII was upregulated at the transcriptional level after repeated cocaine injections. *p Ͻ 0.05. n ϭ 5/condition. C, Cdk5 promoter obviously increased the binding of H4R3me2 and acH3K9/K14. *p Ͻ 0.05, n ϭ 3/condition, n ϭ 4 animals pooled/condition. D, Cdk5 was increased in mRNA expression following repeated cocaine challenge. *p Ͻ 0.05. n ϭ 5/condition. E, With suppression of PRMT1 in NAc, the expression of CaMKII and Cdk5 in the LV-shPRMT1 cocaine group was decreased compared with that of the LV-GFP cocaine group following CPP. *p Ͻ 0.05. n ϭ 5/condition. F-H, Expressions of H4R3me2a, H3K9me2, and H3K36me3 in NAc after repeated noncontingent cocaine injections withdrawal at day 1 (D1), day 7 (D7), day 14 (D14), day 28 (D28), and day 42 (D42), respectively. Actin was used as the loading control. *p Ͻ 0.05 vs saline, n ϭ 3/condition). Each bar represents the mean Ϯ SEM.
